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thanirTlsJ^^ 2813, JEF-7D29 



From : 



Jeff Harrison, STIC-EIC2800 
JEF-4B68, 22511 ^ 




Re: 09/919,036 

Specific mathematical expression for etch rate 

Attached are the closest items I could find today. None 
are identical to the desired equation, but perhaps some 
of these are of use. 

If you would like additional information, 
please contact me. Thanks. 



Good Morning Jeff, would you please help me search for the above application especially the etching rate 
formula: 

ER(C,T) = ERo X C '■^"'"^ +A 
Or 

ER(C) = K X C +A 

Where in ER is eth rate 

K and A are first and second constants 

C is the etching solution concentration 

T is the solution temperature 

Ea is the etching activation energy 

R is gas constant 

Thank you so much for your help, 
Please let me know if you have any question, 
thanh nguyen (2813) 
272-1695 ■ 
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icofriendiy Ozone-Based Wet Processe 
for Electron Device Fabrication 



by Hirozoh Kanegae ^ 



Mitsubishi Electric has developed ozone-based 
wet processes for fabrication of LCDs and other 
semiconductor devices. These low-cost and low- 
environmental-impact processes use tiny 
amounts of chemical reactants and can be con- 
ducted at room temperature. This report intro- 
duces technology for contamination-free 
production of high-density ozone and ozdnated 
water, and discusses use of ozonated water as a 
substitute for a standard RCA cleaning process 
and for the removal of photoresist. 

Public concern is driving manufacturers to 
reduce the environmental impact of their manu- 
facturing processes. The imperative to manu- 
facture good products at a low price is in 
transition to a new model of sustainable devel- 
opment in which consumers and manufactur- 
ers jointly participate. 

Reducing the environmental impact associ- 
, ated with manufacturing processes is now tak- 
ing importance alongside the rriore conventional 
objectives of making electronic equipment 
smaller, lighter and more power efficient. Novel 
manufacturing processes will consume smaller 



energy, chemical and gas supplies, reducing both 
cost and manufacturing wastes with small foot- 
print installations. 

This article introduces cost-effective and en- 
vironmentally-friendly wet cleaning processes 
for semiconductor-device and LCD fabrication 
using ozonated water. Ozone is a strong oxidiz- 
ing agent suitable for wafer cleaning and its only 
breakdown product is oxygen. 

Ozone Gas and Ozonated Water 

Ozone consists of three oxygen atoms joined 
by covalent bonds with a strength somewhere 
between single and double bonds. Its applica- 
tions include disinfecting and deodorizing 
drinking water supplies, bleaching and removal 
of organics in wastewater, and surface treatment 
and oxidation of organic materials in. industrial 
processes. All of these applications rely on 
ozone's powerful oxidation capabilities and 
harmless decomposition to oxygen. 

Like other gases, ozone's solubility in water 
obeys Henry's Law. The amount of ozone that 
dissolves in water increases as the partial pres- 
sure of ozone rises and as the water temperature 
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Fig. 1 Genera] design of an ozonizer producing high-concentration contamination-free ozonated oxygen. 
* Hirozoh Kanegae is with the Advanced Technology R&D Center 




drops. The following rule for calculating dis- 
solved ozone concentration is based on experi- 
mental measurements. 

Cw = 0.604(l + t/273)/(l+0.063a\C^ Eq. 1 

where Cw is the dissolved ozone concentration 
in mg/l, Cg is the atmospheric ozone concen- 
tration in mg/l, and t is the water temperature 
in degrees Centigrade. 

Ozone has three main mechanisms of chemi- 
cal activity. First, it attacks the unsaturated 
bonds in double bonded and aromatic hydro- 
carbon chains by the well known Criegee 
mechanism yielding ketones, carbpxylic acid 
and carbon dioxide. Second, it reacts with wa- 
ter to form the hydroperoxy radical (HOg.) and 
hydrogen peroxide (Hp^) which attack satu- 
rated hydrocarbon chains. Third, it reacts with 
inorganic materials based on the difference in 
oxidation-reduction potential and oxidizes all 
metals except gold and platinum. 

Controlling Contaminants 

To replace the highly evolved manufacturing 
processes currently used for semiconductor pro- 
duction, ozone based processes will have to 
achieve comparable tact (or process "step") 
times and control contaminants that would ad- 
versely affect yields. High concentrations are 
required, and ozone and ozonated water gen- 
erators must achieve the cleanliness required 
by today's high scales of integration. 

Fig. 1 shows the basics of a system that pro- 
duces clean, high-concentration ozone. A nar- 
row discharge gap is formed by a conductive 
layer on the bottom surface of disc-shaped ce- 
ramic substrate and a ceramic-coated ground 
electrode separated by a ceramic spacer. The 
electrodes are housed in a pressure vessel. Oxy- 
gen gas supplied to the vessel passes through 
the discharge gap and exits through a port in 
the center of the ground electrode as ozonated 
oxygen'^i '^i. The discharge gap is extremely nar- 
row to prevent temperature rise of gas in the 
gap and to control the number of low-energy 
electrons that could cause the ozone to break 
down. These features enables the system to 



Fig, 2 Effect of gas flow rate on ozone 
concentration. ' 



achieve ozone concentrations over ZSOg/Nm^ 
at a gas flow rate of 27/min (Fig. 2). 

In addition to high concentration, ozone pro- 
duced for semiconductor manufacturing must 
be free of metallic contaminants. This is 
achieved by ensuring that the gas contacts only 
ceramic surfaces. Metallic contamination of the 
ozonated water was measured at below the parts 
per trillion detection levels of microwave in- 
duced plasma mass spectroscopy and flameless 
atomic absorption spectroscopy (Table 1). 

Wafers immersed in ozonated water were then 
tested for metallic contamination by total re- 
flection X-ray fluorescence spectroscopy and 
typical contaminants including Ca, Cr, Mn, Fe, 
Ni and Cu were below the detection threshold 
of 1 X 10^° atoms/cm^. 

A particle counter at the ozone generator's 
outlet detected no particles over 0.27pm in di- 
ameter'^'. 



Table 1 Metallic Contaminants in Ozonated Water 
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Ozohated Water Cleaning Technology 

Control of particles and other contaminants is 
essential to maintain high yields in production 
of high-density memory devices. At present, this 
is accomplished using a series of chemical baths 
known as the RCA washing method'^'. Initially, 
a sulfuric acid and hydrogen peroxide bath (SPM) 
at I20^150°C removes organics and some 
metallics. Second, a bath of dilute hydrofluoric 
acid (DHF) at room temperature removes the 
oxide layer and incorporated metallic contami- 
nants. Third, an ammonium hydroxide and hy- 
drogen peroxide bath (APM) at 80-90°C removes 
particles. Fourth, an 80-90°C bath of hydrochlo- 
ric acid and hydrogen peroxide (HPM) removes 
metals. Finally, dilute hydrofluoric acid is used 
to remove metallics from the oxide layer formed 
in the preceding step. Seven rinsings in deion- 
ized water follow for a total of 12 process steps 
(Table 2). LCD manufacture employs a similar 
process with fewer steps, but the large substrate 
size means larger baths that consume more 
chemical supplies. 

Replacing these complicated cleaning proce- 
dures with ozonated water cleaning dramati- 
cally reduces use of chemical supplies, saving 
the cost of the chemicals and waste processing. 
Ozone processing also eliminates processing at 
elevated temperatures, avoiding the associated 
venting of vapors to the atmosphere. Reduced 
rinsing saves dionized water. 

Ozone can oxidize organic residues from photo- 
resist processes. Spin washing the wafers with 
ultrasonically activated ozonated water achieves 
cleaning performance equivalent to a sulfuric 
acid and hydrogen peroxide bath'^L 




Fig. 3 Copper contamination on wafers before 
and after cleaning. The ozone 
concentration is 12ppm. 



Ozonated water alone does not remove metal- 
lic contaminants incorporated into the oxide 
layer, but is effective when supplemented by a 
0.1% hydrofluoric acid solution, a combination 
that has been thoroughly investigated'^'*'^'. Fig. 3 
shows that ozonated water bath with hydrofluo- 
ric acid reduces copper contamination with 
performance comparable to a conventional hy- 
drochloric acid and hydrogen peroxide bath. The 
acid exposes metallic contaminants embedded 
in the oxide layer, so that an oxidation reaction 
can proceed. This forms metal ions that are 
drawn into solution. This constitutes a dramatic 
reduction in chemical usage. 



Table 2 A Comparison of RCA and Ozonated Cleaning Systems 
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Fig. 4 Resist removal apparatus with ozone ejector 



Use of ozonated water for particle removal 
has been investigated'^J '^'. The ammonium hy- 
droxide and hydrogen peroxide bath normally 
used has a high pH so that particles receive a 
negative charge repelling them away from the 
negatively charged wafer. Since ozone water so- 
lutions are either neutral or mildly acidic, 
ozonated water processes will require activa- 
tion by pH modifiers or ultrasonic energy. Re- 
placing the ammonium-hydroxide based process 
eliminates a major source of ammonia contami- 
nation, increasing yields and reducing clean air 
consumption. 

Ozonated Water for Photoresist Removal 

Photoresists can be removed by oxygen plasma 
ashing (a dry process), by organic solvents, or in 
a sulfuric acid and hydrogen peroxide bath. For 
processing LCD panels, a mixture of dimethyl 
sulfoxide (DMSO) and monoethanol amine 
(MEA) is generally used. 
, Both the solvent and sulfuric acid process are 



performed at elevated temperature and vent 
fumes. In the widely used sulfuric acid perox- 
ide process, Caro s acid (HgSO^) strips the re- 
sist, which oxidizes as soon as it is free. From 
an environmental impact perspective, trapping 
the fumes requires special equipment and the 
bath must be periodically replaced following 
depletion of the hydrogen peroxide. 

An ozone-and-water method would not re- 
quire the high temperatures or fume traps of 
the sulfuric acid method, reducing air costs and 
saving on dionized water — a much smaller en- 
vironmental impact. 

When an ozone concentration of ISO^-ZSOg/ 
Nm^ and ozonated water flow of 4.0 i/min is 
used in the ejector- type resist stripping appara- 
tus of Fig. 4, Fig. 5 shows the stripping perfor- 
mance for positive resist. The stripping rate is 
proportional to the water s ozone concentration 
and increases with temperature. 

Fig. 6 shows the normalized resist removal 
rate as a function of temperature. R is inversely 





Fig. 5 Effect of ozone concentration on resist 



removal rate. 



proportional to T, expressed according to 
Arrehenius* equation: 

R-R^expi-E/kT) .Eq.2 i ' 

'\ 

where R^ is the frequency factor, k is Boltzman s 
Constant, 7 is the water temperature (K) and E 
is the activation energy. 

The activation energy calculated from Fig. 6 
and Eq. 2 is 0.29eV, substantially smaller than 
the 4'-5eV activation energy needed for carbon- 
to-carbon single and double bonds or carbon-to- 
oxygen single bonds, suggesting that one or more - 
intermediate steps are involvedf^". 

The rate of reaction increases with terripera- 
ture, but the dissolved ozone capacity reduces 
with temperature according to Eq. 1 . For maxi- 
mum resist removal speed, the processing tem- 
perature should be set to a level that matches 
the activation energy requirements of the resist. 
The type of resist, degree of baking, and the pres- 
ence of ion implantation all affect activation 
energy. A key issue in ozone-based resist removal 
systems is achieving satisfactory removal speed. 

Chemical-free, energy-saving room-temperature 
ozone-based processes promise to reduce the cost 
and environmental impact of semiconductor and 




Fig. 6 Effect of water temperature on normalized 



resist removal rate. 



LCD manufacture. Development of an efficient 
silent discharge ozone generator capable of sup- 
plying a high concentration of clean ozonated 
oxygen and a clean ozonated water generator 
promises to revolutionize semiconductor wa- 
fer and LCD cleaning and resist removal. □ 
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THE MECHANISM OF ANISOTROPIC, ELECTROCHEMICAL SILICON 
ETCHING IN ALKALINE SOLUTIONS 



H. Seidel 

Messerschmitt-BSlkow-Blohm GmbH, P.O. Box 801109, 
8000 Kiinchen 80, Federal Republic of Germany 



ABSTRACT 

In this paper, some experimental data on the 
anisotropy, selectivity, and voltage depend- 
ence of anisotropic silicon etchants are 
given. Furthermore, an attempt is undertaken 
to provide a general unifying model describing 
the reaction mechanism and the key features of 
all alkaline anisotropic etchants of silicon. 
It is shown that the reaction is electrochemi- 
cal, comprising the transfer of four electrons 
between the electrolyte and the solid for the 
dissolution of one silicon atom. The crystal- 
lographic anisotropy can be attributed to 
small differences of the binding energy of 
surface atoms depending oh their respective 
surface orientation. High boron concentrations 
induce the shrinking of a space charge layer 
on the silicon surface, which in turn leads to 
the fast recombination of electrons injected 
into the conduction band making them no longer 
available for the reduction of water. The 
electrochemical etch stop at positive potent- 
ials is due to the anodic oxidation of sili- 
con. The finite etch rate observed at etch 
stop potentials was found to correspond well 
to the etch rate of SiOj. 



INTBODUCTION 

Anisotropic silicon etching is a key technolo- 
gy for the fabrication of micromechanical de- 
vices. It allows for the precise three-dimen- 
sional structuring of miniature sensors and 
actuators in an IC compatible way. The three 
main properties that make this technique so 
widely applicable are the dependence of the 
etch rate on crystal direction, dopant concen- 
tration and on an applied electric potential. 
The crystallographic anisotropy provides the 
possibility for a very precise lateral machi- 
ning of a device by proper alignment of struc- 
tural contours with either fast or slow et- 
ching crystal planes. The dependence on dopant 
concentration and on electric potential allow 
for the incorporation of well defined etch 
stop layers by either using a high boron con- 
centration 11,2], or else exploiting the po- 
tential drop across a pn junction [3,4]. 

Any alkaline solution of sufficiently high pH 
value (larger than 12) is known to exhibit the 
same key features listed above. That includes 
purely inorganic aqueous solutions of KOH, 
NaOH, LiOH, CsOH, and NH-OH, with the possible 
addition of an alcohol [5-7], as well as orga- 
nic aqueous solutions containing ethylenedi- 
amine [8,9], hydrazine [10,11), or choline 
[12], where additives like pyrocatechol and 
pyrazine can be present. 



The main differences among these etchants are 
their degree of selectivity with respect to 
boron doped layers, the etch rate ratio of si- 
licon to silicon dioxide, the influence of 
diffusion effects which is related to the ob- 
tainable surface morphology, as well as the 
tendency for residue formation. 

So far, several papers have been published 
providing experimental data and models for 
describing specific aspects of the etching 
mechanism [8,13-20]. In this article, . an at- 
tempt is undertaken to provide a general uni- 
fying model for all alkaline anisotropic sili- 
con etchants, explaining the key features 
listed above. 



EXPERI MENTAL RESULTS 

Anisotropy 

The central feature of all anisotropic et- 
chants is the slow etch rate of the (111) 
crystal planes, being approximately one to two 
orders of magnitude smaller than for other 
principal crystal orientations. As an example 
the silicon etch rates of the three principal 
crystal orientations obtained in an ethylene- 
diamine based solution (EOF type S) are shown 
in Fig. 1. This diagram also shows, that the 
activation energies are smaller for fast et- 
ching crystal planes and vice versa. This ef- 
fect has been observed for other anisotropic 
etchants, as well (18). Therefore, the aniso- 
tropy ratio generally decreases with rising 
temperature . 

influence of dopants 

For boron concentrations above a critical 
value Co of approximately 3*10" cm-^ a dras- 
tic reduction of the etch rate can be observed 
on both <100> and <110> wafers. This effect is 
shown in Fig. 2 for an EDP solution type S, 
where the absolute etch rate was normalized by 
the etch rate for moderately doped silicon. 
The drop is inversely proportional to the 
fourth power of the boron concentration. 

When using KOH solutions, very similar results 
to EDP are obtained for low concentrations up 
to 10 %. However, the relative etch stop ef- 
fect becomes smaller when increasing the con- 
centration of the solution. 

For comparison, results obtained for germanium 
doped epitaxial silicon layers and for phos- 
phorous doped layers have been included in 
Fig. 2. Even at very high germanium concentra- 
tions of 1*10" cm-5 only a relatively small 
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reduction of the etch rate can be observed. 
Similarly, the reduction of the etch rate 
obtained for phosphorus doped layers, as pub- 
lished by Palik et al. 113], is relatively 
small. 
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Fig. 1: Arrhenius diagram 
for the three main crystal 
an EDP solution type S of 

position: 1 1 ethylenediamine , 133 ml water, 
160 g pyrocatechol, and 6 g pyrazine 
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Electrochepicai etching 

When applying an external potential to a sili- 
con wafer during the etching process, the etch 
rate can be influenced drastically. This is 
shown in Figs. 3 and 4 for p and n type sili- 
con, respectively. Correlated voltammograms 
are also included in these diagrams. At anodic 
potentials the current density rises up to a 
certain point and then suddenly drops very 
sharply to a drastically reduced value, which 
is a behavior typical for the formation of a 
passivation layer. At this passivation poten- 
tial a drastic drop of the etch rate can also 
be observed. The highest etch rate is obtained 
at a point slightly anodic from the open cir- 
cuit potential (OCP). At cathodic potentials, 
the etch rate decreases gradually. 



of the etch rates 
planes, when using 
the following com- 



Fig. 2, Normalized etch rates for silicon lay- 
ers doped with boron, phosphorus [13J, and 
germanium, respectively. 
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Fig. 3. Correlation between the voltammogram 
and the etch rate of p-type silicon in a 30 % 
KOH solution at a temperature of 65 °C. Poten- 
tial is relative to a Hg/HgO reference elec- 
trode. 



Whereas the etch rates obtained for n and p 
type silicon are very much the same, the cur- 
rents flowing for cathodic potentials differ 
very much. P type silicon behaves like a back- 
ward biased diode for negative potentials, 
whereas n type silicon exhibits a large cur- 
rent similar to a forward biased diode. 

The temperature dependence of the etch rate of 
n type silicon for three different potentials 
is shown in the Arrhenius diagram in Pig. 5. 
At the open circuit potential of about - 1.1 V 
the activation energy is 0.62 eV, which is in 
good agreement with previously observed values 
[181. At a cathodic potential of - 2 V, the 
etch rate is somewhat lower with a slightly 
decreased activation energy. A drastically 
reduced etch rate can be observed for an a- 
nodic potential of 0 V. For comparison, a 
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Fig. 4. Correlation between the voltammogram 
and the etch rate of n-type silicon in a 30 % 
KOH solution at a temperature of 65 '^C. 
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curve for the etch rate of silicon dioxide has 
been included. Both the etch rate and the 
activation energy are found to be in good 
agreement. This is a strong indication,, that 
the passivation layer 
dioxide. 



that forms is silcon 



DISCUSSION 

In the following an electrochemical model for 
the etching mechanism is proposed, which is 
considered to be valid for all alkaline sili- 
con etchants. The model will first be descri- 
bed for moderately doped silicon with (100) 
orientation. Then the modifications arising 
for other crystal orientations and for high 
dopant concentrations, as well as when apply- 
ing an external potential will be discussed. 

Reaction mechanisa 

From the experimental results described above 
and from Raman spectroscopy measurements per- 
formed by Palik et al. [14] it can be conclu- 
ded, that hydroxide ions and water are the 
main reactants on the side of the electrolyte. 
Therefore, the redox couple HjO/OH* is assumed 
to play a key role in the reaction. The Fermi 
level of this redox couple is initially higher 
than that of silicon, leading to a transfer of 
electrons into the solid after immersion into 
the electrolyte [181. Thereby, a space charge 
layer is formed on the silicon surface, which 
corresponds to a downward bending of the ener- 
gy bands. This situation is shown in Fig. 6., 
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Fig. 5. Arrhenius diagram of the silicon etch 
rates obtained in a 30 % KOH solution for 
three different potentials. For comparison, 
the etch rate curve of silicon dioxide has 
been included. 



Fig. 6. Energy bands of moderately p doped 
silicon and the H20/0H- redox couple. Surface 
states A and B in silicon correspond to dang- 
ling bonds and backbonds, respectively. 
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Due to the different bonding situation of 
atoms located near the surface of the silicon 
crystal, surface states arise which are loca- 
ted within the forbidden bandgap. In our mo- 
del, two types of surface states are consi- 
dered to be important. Type A, which is indi- 
cated in Fig. 6 is correlated to the dangling 
bonds. Type B with a lower energy level cor- 
responds to the backward directed binding 
electrons of the surface atoms to the second 
layer of atoms, so-called backbonds* 

In a first step, two hydroxide ions bind to 
the two dangling bonds available for a (100) 
surface silicon atom. They inject two elec- 
trons into surface state A, which are then 
lifted into the conduction band by thermal 
excitation: 

Six. Si' ^OH 

Si + 2 OH- — > ">i^ +2 e-„„a (1) 

si^ si'^ 

Due to the presence of the bonded hydroxide 
groups on the crystal surface, the strength of 
the backbonds of the surface atoms will be 
reduced, leading to a shifting of the energy 
level of surface state B to a somewhat higher 
value. 

In the next step, the backbonds of the Si (OH), 
groups are broken by thermally lifting the 
corresponding surface state electrons (B) into 
the conduction band. Thus, a positively charg- 
ed silicon-hydroxide complex is formed, which 
is detached from the lattice, but still at- 
tracted by electrostatic forces: 

Si^ ' ^OH Si ^OH ++ 

-;Si:; -> + S< +2 e-,,,, (2) 

Si^ ^OH Si ^OH. 

We assume that the energy difference between 
the surface state and the conduction band cor- 
relates to the measured activation energy in 
KOH solutions, being approximately 0.6 eV. 
Thus, this step can be considered to be rate 
limiting for the total reaction. The smaller 
activation energy of 0.40 eV for the same 
crystal plane obtained for an EDP solution, can 
be attributed to the larger influence of dif- 
fusion effects due to the smaller pH value. 

The silicon hydroxide complex reacts further 
with two more hydroxide ions producing ortho- 
silicic acid (211: 

OH ++ 

Si^ + 2 OH- — > Si(OH)^ (3) 

^OH 

It can be assumed, that the breaking of the 
backbonds described by eqn. (2) and the bon- 
ding of hydroxide ions according to eqn, (3) 
happen more or less simultaneously, when the 
Si(OH)f molecule reaches the bulk electrolyte 
by diffusion, it will not stay stable. It is 
well known in silicate chemistry, that for pH 
values exceeding 12 the following complex will 
be formed by the separation of two protons 
[21], which was observed by Raman spectroscopy 
measurements [14]: 

Si(OH), -"> SiO2(0H)2" + 2 H+ (4) 



The excess electrons in the conduction band 
react with water molecules situated at the 
silicon surface, producing hydroxide ions and 
hydrogen atoms: 

4 H^O 4- 4 e- — > 4 OH- + 2 Hj (5) 

in the energy diagram shown in Fig. 6, this 
step corresponds to the transfer of conduction 
band electrons localized near the silicon sur- 
face into the unoccupied state of the HjO/OH" 
redox couple, as indicated by the arrow. 
Therefore it is required, that an overlap be- 
tween the conduction band and the upper state 
of the redox couple exists. 

The four hydroxide ions consumed in the oxida- 
tion step are assumed to be generated by the 
reduction of water (eqn. (5)), rather than 
coming from the bulk electrolyte. This view is 
supported by the relatively small difference 
of the silicon etch rates between edp and KOH 
solutions, although the concentration of hy- 
droxide ions differs by a factor of more than 
100. Furthermore, for large KOH concentrations 
the etch rate decreases with the fourth power 
of the water concentration (18). 

The overall gross reaction is summarized as 
follows: 

Si + 2 OH- + 2 H^O ~> SiOj(OH)j" + 2 Hj (6) 

The formation of residues on the silicon sur- 
face is most severe for solutions with a rela- 
tively high water concentration. In this case 
the silicon dissolution rate is so high, that 
the transfer of the Si(6H)4 complex away from 
the surface cannot keep up with its produc- 
tion. Thus, a polymerization by the separation 
of water leads to the formation of an SiO,- 
like complex, which was actually observed by 
Wu et al. [22] . 



Ani sot ropy 

The central feature of the anisotropic behav- 
ior of silicon etchants is the very low etch 
rate of (111) planes. (Ill) surface atoms pos- 
sess only one dangling bond, whereas there are 
two for all other main crystal surfaces. Thus 
in the initial reaction corresponding to eqn. 
(1), only one hydroxide can bind to a surface 
atom. Subsequently, three backbonds have to be 
broken in analogy to eqn. (2). This reaction 
step requires the transfer of the respective 
binding electrons into the conduction band by 
thermal excitation. The energy level of the 
corresponding surface state B must be lower 
than for a (100) surface. We assume, that this 
energy difference corresponds roughly to the 
observed differences in activation energy be- 
tween (100) and (111) surfaces of approximate- 
ly 0.12 eV (compare Fig. 1). 

Influence of dopants 

For very high boron dopant concentrations, the 
silicon etch rate was found to decrease in- 
versely proportional to the fourth power of 
the boron concentration. The critical boron 
concentration above which this decrease ac- 
tually starts coincides well with the pub- 
lished value of 2.2*1013 ^m-^ for the onset of 
degeneracy [23]. For a degenerate p type semi- 
conductor the Fermi level drops into the va- 
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lence band which is indicated in Fig. 6, As a 
consequence, the width of the space charge 

layer shrinks to d very small value on the 

order of one atomic layer, which is comparable 
to the situation observed on a metal electro- 
de. Thus, the potential well given by the 
downward bending of the energy bands on the 
silicon surface becomes very small and, there- 
fore, can no more confine the electrons injec- 
ted into the conduction band by the oxidation 
step (eqns. (1) and (2)). 

These injected electrons will therefore be 
forced to penetrate through the surface charge 
layer into deeper regions of the crystal. Due 
to the very large hole concentration, they 
will have a high probability to recombine with 
a hole from the valence band. As a conse- 
quence, these injected electrons are no more 
available for a subsequent reduction step, 
which is required for the generation of new 
hydroxide ions at the silicon surface (eqn. 
(5)), 

The remaining etch rate observed for high 
boron concentrations Is determined by the 
number of available electrons in the conduc- 
tion band at the silicon surface. Under equi- 
librium' conditions, this number is inversely 
proportional to the number of holes (np - 
const.}, i.e. to the boron concentration. We 
assume that this inverse proportionality is 
also valid at the crystal surface. Since four 
electrons are required for the dissolution of 
one silicon atom, the fourth power dependence 
of the etch rate on the boron concentration 
can be explained. 

Influence of electric potential 

The key feature is the drastic reduction of 
the etch rate on both p and n type silicon 
electrodes for anodic potentials of approxima- 
tely 0.5 V. The observed residual etch rate 
and its activation energy proofed to coincide 
well with the values for a silicon dioxide 
layer, as indicated in Fig. 5. Therefore, we 
assume that an SiO, passivation layer forms by 
the anodic oxidation of silicon, which was 
already suggested by several other authors 
t4,16]. Starting from the result of eqn. (3), 
thiis process can be described by the following 
reaction: 

Si(OH)< — > SiOj + 2 HjO (7) 

This oxide layer is assumed to start growing, 
as soon as the negative surface charge on the 
silicon electrode is cancelled by the exter- 
nally applied positive potential. This corres- 
ponds to the flat band situation. Starting 
from this potential, hydroxide ions from the 
bulk ^ of the solution are no more repelled and 
can easily approach the silicon surface in 
very large numbers. As soon as the oxide layer 
starts growing, the reduction of water accor- 
ding to eqn. (5) can no longer take place and 
the generation of hydroxide ions and free 
hydrogen at the surface stops. Interestingly, 
the * measured current density at etch stop 
potential Is well correlated to the silicon 
dissolution rate, according to the sum of 
eqns. (1-3) (compare with Figs. 3 and 4). This 
is a further proof for the transfer of four 
electrons required for the dissolution of one 
silicon atom. 



The small increase of the etch rate at poten- 
tials slightly positive from open circuit 
conditions and, similarly, the gradual decree 
ase of the etch rate at cathodic potentials 
indicates, that the electrostatic force on the 
OH- ions has an influence on their availabili- 
ty at the silicon surface. This view is sup- 
ported by the observation that cathodically 
etched surfaces show typical signs of diffusi- 
on effects, like the formation of deeper tren- 
ches along the periphery of an ietch cavity. 



CONCLUSIONS 

The two key parameters for the etching beha- 
vior of alkaline solutions on silicon and on 
passivation layers are the molar water concen- 
tration and the pH value, which is a measure 
of the concentration of hydroxide ions. Anions 
do not play a significant role in the reac- 
tion. These effects are summarized in Tab. 1. 





- HgO + 


- pH + 


Si02 etch rate 
Si etch rate 
Solubility 
Si/Si02 ratio 
Diffusion effects 
ResiduiB formation 
p+ etch stop 
pn etch stop • 


no effect 
no effect 

- m m + 


■ + 

little effect 
+ -i — - 






. — ^ + 


+ m m - 


- — ^ + 


+ * » - 



Tab. 1: Effects of water concentration and pH 
value on the characteristics of anisotropic 
silicon etchants. 



The importance of organic etchants like of 
ethylenediamine or hydrazine based solutions 
does not derive from their complex anions, but 
rather from the possibility to adjust the pH 
value and the molar water concentration of 
water almost independently from each other. 
This is not the case in KOH solutions and 
related etchants. The only possibility to 
influence the water concentration there is by 
diluting with an alcohol. 
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